Abstract Hot-pressed polycrystalline quartz samples with grain sizes of 1.7-12.0 μm and water contents of 3,500 ppm H/Si were deformed in a Griggs apparatus at temperatures of 600 to 950°C, confining pressures of 0.9 to 1.5 GPa and strain rates of 10 À3.3 to 10 À5.9 /s. Two different flow regimes are distinguished at low and high temperatures. The stress exponent determined at low temperatures (600-750°C) increased from 2.9 to 5.2 with an activation energy of 129 ± 33 kJ/mol, consistent with previous quartz dislocation creep laws indicating operation of dislocation creep. In contrast, the stress exponent determined at high temperatures (800-950°C) is 1.7 ± 0.2 with an activation energy of 183 ± 25 kJ/mol. A fugacity exponent determined at 800°C was 1.0 ± 0.2. All samples show evidence of basal <a> slip. However, flow strengths at high temperatures also depend on grain size with a small grain size exponent of 0.51 ± 0.13. Mechanical, microstructural, and textural results suggest that deformation occurs by a combination of intracrystalline and grain boundary processes. The flow law determined from the high-temperature data can be fit by 
Introduction
Crystal plastic deformation of polycrystalline quartz aggregates has been investigated in many experimental studies (e.g., Parrish et al., 1976; Jaoul et al., 1984; ; see Koch et al., 1989 for older flow laws; Chernak et al., 2009; Gleason & Tullis, 1995; Hirth & Tullis, 1992; Holyoke & Kronenberg, 2013; Luan & Paterson, 1992; Paterson & Luan, 1990; Post et al., 1996; Rutter & Brodie, 2004a , 2004b Stipp & Tullis, 2003; Stipp et al., 2006) yielding flow law parameters and associated deformation microstructures that can be applied to deformation in the continental crust. With few exceptions, polycrystalline quartz samples deformed in the lab have been coarse grained with mean grain sizes >100 μm, and deformation has occurred by crystal plastic creep processes. Dislocation creep of crystalline solids characteristically follow nonlinear laws, where changes in stress lead to large differences in strain rate, and these intracrystalline deformation mechanisms show little or no dependence on grain size, leading to grain size-insensitive (GSI) creep. Using a power law to characterize the nonlinear stress-strain rate creep relation, stress exponents for quartz aggregates have values of 3 to 4 (Gleason & Tullis, 1995; Luan & Paterson, 1992; Rutter & Brodie, 2004a) . Samples deformed by GSI creep show elongated grains, undulatory extinction and dense, sometimes tangled dislocations in porphyroclasts, subgrain walls, and recrystallized grains at grain boundaries, consistent with dislocation creep rates controlled by the rates of internal recovery and dynamic recrystallization.
Grain size-sensitive (GSS) creep has been documented for a number of silicates by experiments using finegrained aggregates, where the grain size is of the order of 1-10 μm. Flow laws for GSS creep and microstructural evidence for grain boundary deformation processes have been reported for olivine (Hirth & Kohlstedt, 1995; Karato et al., 1986; McDonnell et al., 2000; Mei & Kohlstedt, 2000a , 2000b , diopside (Hier-Majumder et al., 2005) , and plagioclase (Dimanov et al., 1998 (Dimanov et al., , 1999 Rybacki et al., 2006; Rybacki & Dresen, 2000 , 2004 Tullis & Yund, 1991) . In previous experiments for GSS creep, the initial grain sizes of samples were sufficiently small to promote GSS creep with little or no dislocation processes, and grain size exponents are large, typically 2 to 3. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 Only a few experimental studies have been performed to investigate flow laws of fine-grained polycrystalline quartz Luan & Paterson, 1992; Rutter & Brodie, 2004a , 2004b , and intracrystalline deformation mechanisms appear to be important over a significant range of conditions for small grain sizes as well. Stress-strain rate relations were reported with stress exponents of 2.5 to 4 by Kronenberg and Tullis (1984) using novaculite whose grain size is down to 1.2 μm, and any intrinsic stress-grain size relationships were complicated by changes in water content and/or grain size during their experiments. Creep laws of polycrystalline solids due to diffusion at grain boundaries and/or grain boundary sliding have more nearly linear stress-strain rate relations than for dislocation processes, and the importance of grain boundary processes to creep rates depends on grain size, leading to GSS creep. The stress-strain rate relation reported by Rutter and Brodie (2004b) for fine-grained quartz aggregates is nearly Newtonian, with a stress exponent of 1.0. Corresponding to this linear viscous response, Rutter and Brodie (2004b) found that creep rates depend strongly on grain size, with a grain size exponent of 2.
The experiments performed by Brodie (2004a, 2004b) on fine-grained quartz aggregates with an initial water content of~15 ppm H/Si predict conditions for which dry quartz aggregates deform predominantly by GSI and GSS creep. Both their GSI and GSS creep laws derived from hot-pressed quartzites with low water contents predict flow strengths at tectonic strain rates and natural crustal conditions which are greater than those of other flow laws derived from quartz aggregates with large water contents (>2,000 ppm H/Si; e.g., Gleason & Tullis, 1995; Holyoke & Kronenberg, 2013; Luan & Paterson, 1992) .
Three major dynamic recrystallization processes, bulging, subgrain rotation, and grain boundary migration, have been demonstrated from experiments and natural sample observations. (e.g., Hirth & Tullis, 1992 , Stipp et al., 2002 . Dynamic recrystallization during GSI dislocation creep may lead to reductions in grain size and a transition to GSS creep. Thus, mechanical behavior may begin to depend on grain size when the volume of recrystallized fine grains becomes large. Tullis et al. (1996) proposed this process for feldspars. Operation of GSS creep is discussed in terms of the absence or weakness of lattice-preferred orientations (LPOs) as well as rounded grain morphology (for naturally deformed quartz aggregates, Wightman et al., 2006; Okudaira et al., 2010; Menegon et al., 2011; Okudaira & Shigematsu, 2012) . In addition, contributions from both intragranular dislocation processes and grain boundaries were experimentally inferred for olivine deformation, where the grain size exponents are around 1 (Hansen et al., 2012; Tielke et al., 2016) . Platt and Behr (2011) theoretically determined a flow law for dynamic recrystallization, which depends on grain size where the grain size exponent is 1. Thus, when GSI creep, GSS creep, and dynamic recrystallization creep are coupled, the grain size exponents could differ from the exponents predicted by one of the endmember mechanisms.
In this study, we hot pressed wet fine-grained natural quartz aggregates, much as performed by Rutter and Brodie (2004b) , but to maintain large water contents of samples during experiments, we deformed samples in a solid-pressure-medium (Griggs-type) deformation apparatus using NaCl as the pressure medium. First, we performed grain growth experiments under a confining pressure (P c ) of and temperature (T) condition of P c = 1.5 GPa and T = 900 or 1000°C. Then, we performed a series of deformation experiments on individual samples, stepwise changing strain rates, temperatures, and confining pressures. In addition, we performed multiple deformation experiments on individual samples, interrupted by isostatic annealing periods, to allow for grain growth between deformation steps. Based on these results, we fit a flow law for the deformation of fine-grained quartz aggregates that is nonlinear in its stress-strain rate relation, but with a lower value of the stress exponent than predicted by dislocation creep theories. We will also show a dependence on grain size, though with a grain size exponent that is less than predicted by diffusion creep or grain boundary sliding theories. We extrapolate our flow law to natural conditions and discuss the transition between GSI and GSS creep fields of deformation.
Samples and Experimental Techniques
Fine-grained natural quartz powder, Min-U-Sil 5 from U.S. Silica was used as the starting material. This material is 98-99 mass% SiO 2 with a mean particle size of 1.7 μm according to the product data sheet, and particle size distribution from 0.6 to 5.0 μm according to measurements of Kim and Desmond (2005) . Weight loss after heating at 120°C indicates adsorbed water content of~0.25 wt%. We performed grain growth and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 deformation experiments using a solid-pressure-medium (Griggs-type) deformation apparatus, solid NaCl sample assemblies, and procedures of Holyoke and Kronenberg (2010) and Holyoke et al. (2014) .
The quartz powder starting material was placed in a metal jacket and pressurized using a solid NaCl sample assembly ( Figure  F1  1) . The metal jacket consisted of a Ni tube of 5 mm inner diameter, 0.6 mm thickness, and 10.5 mm length placed in an outer Pt tube of 6.3 mm diameter, 0.2 mm thickness, which is~2 mm longer than the Ni tube. A Pt foil was placed at the bottom of the Ni tube. The Pt tube is bent to cover the inner parts. We then packed the quartz powder in the Ni jacket. A top Pt foil was placed on top of the compressed quartz powder, and the jacket was sealed mechanically during pressurization. We also used a metal jacket consisting entirely of Ag sleeves for some of the lower-temperature experiments, but we did not detect any strength differences for samples run at comparable conditions due to the choice of metal jackets. The inner metal jacket is shortened by the Al 2 O 3 pistons by the same amount as the samples during the experiments, so that the contacts between the rigid Al 2 O 3 pistons and the sample are maintained throughout, and boundary conditions are the same. A Pt-Pt/Rh 10% thermocouple was used to measure and control temperature. A graphite sleeve was used as a resistance furnace, separated from the NaCl medium by outer and inner fired pyrophyllite sleeves. The sample assembly compacts during pressurization and the thermocouple hot junction is near the sample center at the target pressure. The thermocouple exits the pressurized volume through a crushable alumina sleeve embedded in the base pyrophyllite, with the cold junction made at ambient pressure. Temperature is monitored and controlled with a precision of ±1°C. Two alumina pistons were set on the top and bottom of the sample. A hollow graphite lid and~2 mm NaCl sleeve were set through the top alumina piston. The solid salt assembly includes a deformable Pb disc at the top of the pressurized cell, in contact with the maraging steel pressure piston, tungsten carbide load piston, and stainless packing rings.
Pressure and temperature were raised in a stepwise manner to 1.3 GPa and 300°C. Temperature was then raised to 900°C or 1000°C for grain growth, leading to an increase in pressure to~1.5 GPa by thermal expansion. The pressure was adjusted to within ±30 MPa of 1.5 GPa and samples were annealed isostatically at constant temperature and pressure for grain growth for 1 to 240 hrs. Temperature and pressure were then adjusted to the desired conditions for deformation, and samples were shortened at constant strain rates from 10 À3.3 to 10 À5.9 /s. The pressure and temperature conditions of the deformation experiments were P c = 0.8-1.5 GPa and T = 600-950°C.
The quartz powder is compacted uniformly to dense aggregates of smaller dimensions. Their lengths were measured directly after each experiment and initial sample lengths of deformed samples were calculated from their final lengths and the records of shortening displacement. Measured sample dimensions after grain growth and calculated initial dimensions before deformation were both~7.6 mm in length and~4.1 mm in diameter, corresponding to a total compaction of 25-30 vol% during pressurization. During deformation experiments, we performed multiple deformation steps following procedures of Holyoke and Kronenberg (2010) and Holyoke et al. (2014; Figure F2 2) . Assuming the sample length of 7.6 mm gives approximate total times required for deformation under given load piston displacement rates (Table  T1  1) to observe enough run-in, where the load piston moves though the Pb disc and total strains (e.g., 10% in Table 1 ). In each step, we changed one condition (strain rate, temperature, confining pressure, or annealing duration) prior to the next deformation step. When steady flow stress values (or systematic strain hardening) was observed (at >10% shortening strain), we ended the deformation step, unloaded the sample, and initiated the next step of deformation. We confirmed the locations of the Al 2 O 3 piston at the time of contact with the sample in each deformation step as a steep increase in force by elastic loading of the sample ("hit point" determination). We also determined the first and final sample hit points without deformation to detect the location of the top of the sample. The sample top locations were used for the load measurements prior to contact for frictional load 
The deformed samples were cut into halves longitudinally following deformation, and the dimensions were measured with a micrometer. The change in the sample dimension in each step was calculated from displacement records including the friction correction as well as displacement correction by Holyoke and Kronenberg (2010;  Figure 2 ). The displacement correction is required due to apparatus distortion, which is determined by loading a stiff material (WC) with known elasticity and comparing the total measured displacement versus the calculated elastic strain of the material. The displacement correction value is 1.82 × 10 À8 m/kg. Thin sections were made from one half of each sample for microstructural observations by polarizing optical microscopy and scanning electron microscopy (SEM) as well as for analyses by electron backscattered diffraction (EBSD). Sample sections of~100 μm thickness were prepared for analyses by infrared (IR) spectroscopy. For the SEM observations, some deformed samples were etched by a 40 wt% NH 4 HF 2 -water solution for 5 min at room temperature in order to resolve grain boundaries, following the procedures of Wegner and Christie (1983) , although no clear difference between grain and subgrain boundaries is seen.
Results

Grain Growth Experiments
Isostatic grain growth experiments were performed to determine the grain growth rate of fine-grained quartz used in this study (Table  T2  2 ). Under optical photomicrographs and SEM images ( Figure  F3 3), grains have polygonal shapes and grain boundaries are straight or slightly curved. In the SEM backscattered electron (BSE) image, small pores (with total porosity volumes of <5 vol% estimated by drawing pores in BSE images) are seen especially at triple grain boundary junctions (Figure 3f ). No melt was detected. Grain boundaries from >300 grains were traced on the optical photomicrographs. These tracings were analyzed using Image J to determine the size of each grain as effective diameters of circles whose areas are equivalent to those of traced grain boundaries. The mean grain size after 1 hr of annealing is assumed as the initial powder size (1.7 μm), because the grains are too small to measure by optical photomicrographs. The grain size variation in each experiment follows a lognormal distribution. Mean grain size increases systematically with increasing annealing time at 900°C from the initial powder size of 1.7 μm to 25.0 μm for the sample annealed isostatically for 240 hrs ( Figure  F4  4) . The mean grain size of a sample annealed at 1000°C for 24 hrs (9.5 μm) is larger than that at 900°C and equivalent time (7.2 μm). However, we did not perform additional grain growth experiments at 1000°C since temperature control using the solid NaCl assembly often becomes unstable at annealing times of >24 hrs, leading to changes in temperature of ±50°C due to local melting of NaCl probably near the graphite furnace sleeve. Near the furnace, the hottest part of the assembly, the temperature may exceed the melting temperature of NaCl at 1.5 GPa (1080°C, Clark, 1959) .
We fit these results to a grain growth law (Karato, 2008, P. 237 ) of the form
where L is the grain size after annealing time t, p is a constant, L 0 is the initial powder size, k 0 is a constant factor, Q g is an activation energy, R is the gas constant, and T k is absolute temperature in Kelvin. The constant p is theoretically estimated to be p ≥ 2 and a model with simplified grain boundary free energy, grain shape, grain boundary mobility, grain curvature, etc. gives p = 2 (Atkinson, 1988) . Other models and experimental studies show the p value up to~10 (summarized in e.g., Evans et al., 2001; Karato, 2008 for some minerals). We used the simple model with p = 2 and the difference of the two grain sizes at 900°C and 1000°C annealed for 24 hrs gives an estimate of activation energy of~72 kJ/mol. All data give the averaged k 0 of 0.97 μm 2 /s. Karato (2008, P. 237 ) recalculated the data from Tullis and Yund (1982) for quartzite (novaculite, flint, and jasper) using equation (2) with p = 2 and found k 0 = 100 μm 2 /s, Q g = 80 kJ/mol. The data in Tullis and Yund (1982) added 1-2 wt% water, while our sample includes~0.25 wt% of adsorbed water. Their pressure conditions are from 200 MPa to 1.5 GPa. Their grain growth law and ours differ probably because of different starting materials and water contents, experimental pressure and temperature conditions, etc. The similarity in the activation energies between ours and that in Tullis and Yund (1982) modified in Karato (2008) could imply a similarity in the physical mechanism of quartz grain growth.
The hot-pressed samples show no detectable LPO as determined by EBSD analyses of quartz c axis orientations (Figure F5 5) . IR spectra of the hot-pressed quartz aggregates are the same for isostatically annealed samples as those that were deformed in triaxial shortening experiments. Intrinsic quartz lattice vibrations are apparent with large absorption bands at wave numbers less than 2,300 cm À1 with OH stretching vibrations apparent at wave numbers of 3,800-3,000 cm À1 due to molecular water and hydrogen point defects ( Figure  F6  6 ). Weak organic contamination bands are sometimes seen around 2,900 cm À1 , but they are negligible. The broad OH absorption band of quartz aggregate samples are assigned to H 2 O inclusions similar to those in milky quartz (e.g., , which could be trapped at grain boundaries and within grain interiors. Sharp hydroxyl bands are also seen due to hydrogen interstitials bonded to structural oxygen of quartz. According to discussion on band assignments (e.g., Kats, 1962 , Kronenberg, 1994 , the most dominant band at 3,380 cm À1 and two neighboring bands at 3,420 and 3,315 cm À1 are considered to be due to Al-OH. The band at 3,470 cm À1 would be due to other OH species such as Li-OH and/or Na-OH. The band at 3,585 cm
À1
has been assigned to Si-OH and a recent study by Stünitz et al. (2017) proposed from quartz deformation experiments that this band can be due to Si-OH in dislocations. To calculate water contents from IR spectra, we used a calibration by , which is expressed as C = 1.05 A int , where C is the water concentration (ppm H/Si) and A int is integral absorption (cm
À2
). The water contents determined are 3,200-4,500 ppm H/Si (480-670 wt ppm) and 3,500 ppm H/Si (520 wt ppm) on average. The water contents calculated using are different than those calculated using other calibrations. If the water content is calculated using Kats (1962) , Paterson (1982) , Libowitzky and Rossman (1997) , Stipp et al. (2006) , or Thomas et al. (2009) , it will be 77%, 114%, 148%, 179%, or 48%, respectively, of the value calculated using . Our samples have moderate water contents, which are often seen in natural quartz (e.g., Finch et al., 2016; Gleason & DeSisto, 2008; Nakashima et al., 1995) .
Deformation Experiments
Condition-stepping axial-compression experiments were conducted on annealed quartz aggregates, changing strain rate, temperature, or pressure (and corresponding water fugacity) between deformation steps. In addition, repeated constant strain rate deformation experiments were conducted on samples, interrupted by isostatic annealing steps, to increase grain size of an individual sample (Table  T3  3 ).
The data from these deformation experiments were fit to a standard power law equation used to characterize diffusion and dislocation creep in geologic materials:
where _ ε is the strain rate, A is a preexponential factor, σ is the stress with the exponent of n, d is the grain size with the exponent of m, f H2O is water fugacity with the exponent of r, Q is the activation energy, R is the gas constant, and T k is absolute temperature in Kelvin. In addition to the parameters of equation (3), there may be contributions of activation volume as well as the effects of oxygen and hydrogen fugacities as experimentally evaluated for olivine and plagioclase (Karato & Jung, 2003; Rybacki et al., 2006) . Water fugacities were calculated from the molar volume and the equation of state of pure water given by Pitzer and Sterner (1994) and Sterner and Pitzer (1994) , respectively. Equation (3) is able to fit a wide range of high-temperature deformation mechanisms, with parameters n, m, and Q that have significance for fields of deformation mechanism maps. For example, theories of dislocation creep and plasticity predict values of the stress exponent of n = 3 or greater (e.g., Spingarn et al., 1979 , Weertman, 1955 , 1970 , while theories of diffusion creep (Coble, 1963) and grain boundary sliding (Gifkins, 1976 ) predict values of n = 1 and 2. Dislocation creep is expected to be grain size insensitive, so that m = 0. Diffusion creep and grain boundary sliding creep are expected to be strongly grain size sensitive and theories predict values of m = 3, 2, respectively. Note that these two theories assume grain boundary diffusion. Raj and Ashby (1971) and Gifkins (1976) also proposed other GSS creep types, that also include volume diffusion and/or multiple combinations of the stress exponents and grain size exponents of up to n = 4.5 and m = 3. The activation energy for dislocation creep may represent the activation barriers for rates of dislocation climb depending on the predominant recovery mechanisms. The activation energy for diffusion creep and grain boundary sliding creep may represent activation barriers for grain boundary diffusion.
During isostatic annealing steps at the beginning of deformation stepping experiments, and during isostatic periods between deformation steps (including the time periods during which the load piston was advanced and retracted), grain sizes may have changed by grain growth. However, we attempted to minimize these time periods, and our calculations based on our grain growth results and equation (2) indicate that the amount of grain growth during these isostatic steps was minimal. For example, at a strain rate of 10 À5.0 /s, the total time before deformation is approximately 3.5 hrs (Table 1) , which corresponds to the grain growth from 1.7 μm to 1.9, 2.1, 2.6, and 3.2 μm at 600, 700, 800, and 900°C [according to equation (2)]. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 67 
Strain Rate Stepping Experiments
We measured stresses for individual samples subjected to several deformation steps, changing the strain rate for each step. Assuming the flow law [equation (3)], stress and strain rate are related by
To test for reversibility of the stress-strain rate relationship, in most experiments, we routinely changed strain rate systematically decreasing the rate with each step, and returning to the first strain rate imposed as the final step. At the beginning of each deformation step, differential stresses increased linearly with shortening strain, with the appearance of elastic behavior although the slope (apparent modulus) varies with the imposed strain rate (for example, TMQ31; Figure F7 7). After this period of rapidly increasing differential stresses, the samples yield and deform at nearly constant stress values (Figure 7 ) or increase slightly with strain associated with strain hardening. Maximum stress values were used, but when strain hardening continuously occurs, we performed the next step.
For a given initial annealing procedure (and initial grain size), flow stresses measured at decreased strain rates became smaller, as expected for the assumed flow law [equation (3)]. Relatively constant flow stress values measured at strains of~12% were corrected according to the SSA calibration [equation (1)] of Holyoke and Kronenberg (2010) . For example, applying this correction to the results of strain rate stepping experiment TMQ31 (Figure 7) , the maximum flow stress is 480 MPa during the first strain rate step of 10 À4.1 /s, dropping to 50 MPa at 10 À5.6 /s, and returning to 450 MPa at 10 À4.0 /s (Table 3) , within the experimental error of ±30 MPa of the initial stress measurement at comparable strain rate. Taking the final flow stress measurements at strains of~12% and correcting them by similar procedures, we plot strain rate-stress results for stepping experiments TMQ14, TMQ15, TMQ22, TMQ23, TMQ27, TMQ29, TMQ31, TMQ42, and TMQ50 using logarithmic scales to determine stress exponents (defined by the slopes in Figure  F8  8 ). Strengths of the final deformation step, especially in experiments TMQ14 and TMQ22, which were performed at 900°C, are generally lower than in deformation steps performed at similar strain rates in the initial deformation step. These differences are likely due to evolution of grain size and microstructure during the experiments and contribute to error in the stress exponent calculations. For all annealing conditions (grain sizes achieved) before deformation, the values of n determined at deformation temperatures of 900 and 800°C fall between the values of 1.5 and 1.8 with a mean value of 1.7 ± 0.2. At lower deformation temperatures, n values increase significantly to 5.2 at T = 600°C (TMQ50). The low n value at 900 and 800°C is obviously lower than that typical for Note. Metal jackets used in these experiments were made of the Pt-Ni arrangement shown in Figure 1 unless specified as Ag for experiments that employed silver sleeves of equivalent dimensions to the Pt-Ni jackets. The flow stresses with asterisk (*) are used to determine the strength-grain size relationship ( Figure 13 ). Conditions of deformation steps follow the orders of numbers in each experiment . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 dislocation creep, where the n value is larger than 3 (e.g., Gleason & Tullis, 1995; Luan & Paterson, 1992; Rutter & Brodie, 2004a) .
Microstructures of Deformed Samples
Samples deformed at 900 and 800°C are fine-grained, irrespective of the initial isostatic annealing time, as a result of dynamic recrystallization during deformation ( Figures  F9  9a and 9b) . Quartz grains show undulatory extinction and relict original grains have serrated to wavy grain boundaries. The samples in Figures 9a and 9b were annealed for 72 hrs before deformation, so that their initial mean grain size before deformation should have been~12 μm. In contrast, sample TMQ29 deformed at 600°C (Figure 9c ) shows little evidence of dynamic recrystallization. Most grains are elongated and the average grain size measured after deformation (11.9 μm) is similar to its original grain size, following isostatic annealing (Figure 3 ). In the BSE images, recrystallized grains and subgrains can be resolved by weak orientation contrast (TMQ31; Figure 9d ). The BSE image of samples whose polished surfaces were etched by 40% of NH 4 HF 2 -water solution for 5 min following Wegner and Christie (1983) show grain boundaries more clearly (TMQ22, TMQ29; Figures 9e and 9f ). Recrystallized grains of <3 μm are observed with grain boundary microstructures, which would be caused by the recrystallization mechanisms of bulging and subgrain rotation described by Hirth and Tullis (1992) , Stipp and Tullis (2003) , and Stipp et al. (2006) . The BSE image for the sample deformed at 600°C also shows small recrystallized grains of <3 μm, but the sample is mostly composed of large grains.
The crystallographic orientations of deformed quartz aggregates were measured by EBSD. Sample TMQ22 deformed at 900°C consists of greater than 80 area % fine recrystallized grains (d < 3 μm; Figures 9a and 9e) while fewer recrystallized grains (~20 area %) were observed in sample TMQ23 deformed at 800°C. We only preformed point analyses, measuring orientations of centers of these fine, recrystallized grains (d < 3 μm). More detailed analyses (i.e,. mapping) were not possible due to distortion of Kikuchi patterns near grain boundaries. The results provide evidence of basal <a> slip, even for fine-grained samples whose strain rate-stress relation was characterized by small values of n (~1.7). Crystallographic Q5 c axes mostly of recrystallized grains are oriented parallel to the shortening direction with 3.72 times the mean density (TMQ22; Figure  F10 10), as expected for predominant basal <a> slip (Heilbronner & Tullis, 2006; Rutter & Brodie, 2004a; Stipp & Kunze, 2008; Tullis et al., 1973 Q6 ). The development of LPOs may depend on plastic strain: Heilbronner and Tullis (2006) performed shear deformation experiments on quartz aggregates. They showed that LPO concentrations of host grains and recrystallized grains increased up to 18 and 5.5, respectively, with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 shear strain of up to 5 and development of the slip systems from basal <a> to prism <a> slip. The rotation angles of LPOs in their pole figures also increased >20°by shear deformation. In our sample, the relatively weak concentration of c axes distributed perpendicular to the shortening direction in Figure 10 may originate from original grains, which are not suitable for the fabric development (e.g., Lister, 1981) . The development of the LPO is consistent with the operation of dislocation creep, while the remarkably low stress exponent of n = 1.7 could reflect the operation of GSS creep. The combination of the two mechanisms at their transition is often inferred (Austin & Evans, 2007; de Bresser et al., 2001) , and we will discuss it later with our other experimental results.
Pressure Stepping Experiments
We measured stresses for individual samples subjected to several deformation steps, changing the confining pressure for each step from 1.5 to 1.2 and 0.9 GPa (TMQ43; Figure  F11  11a ), and thereby changing the water fugacity for each step, at a given set of strain rate and temperature conditions (constant strain rate of 10 À5.0 /s and The annealing durations at 1.5 GPa and 900°C and the deformation temperatures are shown for samples TMQ22, TMQ23, TMQ29, and TMQ31. The polished surfaces of TMQ22 (e) and TMQ29 (f), were etched by NH 4 HF 2 40% for 5 min and each grain is more visible. Fine grains formed by dynamic recrystallization are <3 μm and the average grain sizes including relicts of original quartz grains are~5 μm.
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Given our earlier determinations of the stress exponent n = 1.7, these experiments can be used to determine the sensitivity of deformation to water fugacity and the determination of the fugacity exponent. To test for the reversibility of water fugacity on the flow law [equation (3)], we routinely decreased the confining pressure for each deformation step, and then returned the confining pressure back to its original value of P c = 1.5 GPa to remeasure strength at the original experimental conditions (Figure 11a ). Prior to deformation, TMQ43 was isostatically annealed at 1.5 GPa and 900°C for 1 hr, and then deformed in four steps changing confining pressures.
Differential stresses reached nearly steady state values after yielding (TMQ43; Figure 11a ) for each confining pressure tested, with a corrected differential stress value [equation (1)] of 110 MPa at P c = 1.5 GPa for the first deformation step at 10 À5.0 /s and 800°C, increasing to 200 MPa at P c = 1.2 GPa, and reaching 260 MPa at P c = 0.9 GPa. During the final deformation step, the differential stress following yielding (of 120 MPa) at P c = 1.5 GPa was indistinguishable from the stress measured during the first deformation step at comparable conditions. Water fugacities of 4.8 to 1.3 GPa were calculated for T = 800°C and the confining pressures of 1.5 to 0.9 GPa (Table 3) . Plotting the logarithms of differential stresses and water fugacities (Figure 11b ), the slope with n = 1.7 gives the fugacity exponent of r = 1.0 ± 0.2. Water fugacity exponents around unity have been proposed for diffusion and dislocation creep of other minerals, including olivine (Karato & Jung, 2003; Mei & Kohlstedt, 2000a , 2000b , diopside (Hier-Majumder et al., 2005) , and feldspar (Rybacki et al., 2006) . Those for quartz dislocation creep with the n = 3-4 vary from 0.4 to 2.8 according to many experimental studies (Chernak et al., 2009; Gleason & Tullis, 1995; Holyoke & Kronenberg, 2013; Post et al., 1996) .
Temperature Stepping Experiments
We measured differential stresses for individual samples subjected to several deformation steps, changing the temperature for each step Figure 10 . Crystallographic orientations of fine quartz grains in deformed sample TMQ22. Stretching and shortening directions are denoted as X and Z, respectively. Equal area and lower hemisphere stereographic projection. Density contours are multiples of the mean density expected for a random distribution. Basal <a> slip is inferred to be dominant from the well-defined c axis maximum parallel to the shortening direction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 from 950 or 900 to 600°C at a constant strain rate and confining pressure. From the flow law [equation (3)], stress and temperature are related by
Stress-strain curves for sequential temperature steps of each experiment show systematic increases in differential stress following yielding as a function of decreasing temperature (for example, TMQ32; Figure  F12  12a ). At high temperatures, stresses after yielding reach a well-defined steady value (at strains of~10%), while at low temperatures, stress-strain data show evidence of work hardening (at strains up to 20%).
Maximum differential stresses were corrected by equation (1) and plotted on a logarithmic scale as a function of reciprocal absolute temperature (1/ T k ; Figure 12b ). The activation energies of creep were determined from the slopes of the mechanical data and the mean value of n = 1.7, correcting for the changes in water fugacity at the different deformation temperatures. Water fugacities vary from 5.1 to 4.1 GPa at 950-600°C (Table 3 ).
The stress-temperature relationships in three different experiments show two distinct regimes of deformation, with steep slopes defined at high temperatures (from 750-800°C to 950°C; TMQ32, TMQ45, and TMQ47), and more shallow slopes defined at low temperatures (from 600°C to 700-800°C). The transition between these two flow regimes appears to depend on strain rate; with TMQ45 showing a change in slope between 800°C and 850°C for a strain rate of 10 À4.0 /s, and TMQ32 and TMQ47
showing this change in slope between 700°C and 750°C at strain rates of 10 À4.5 and 10 À4.6 /s, respectively. We systematically decreased temperatures because the size of the sample assembly changes with temperatures, which systematically changes the hit point positions by temperature volume change. On the other hand, in TMQ47, the sample was deformed at 900°C first, and after lower temperature deformations, the final deformation was performed at 950°C (Table 3 ). The data well show a systematic slope at the high temperature side.
The different slopes in the stress-temperature relationships at high and low temperatures likely correspond to changes in flow parameters that include activation energy, the stress exponent (Figure 8) , and possibly the water fugacity exponent. Given that we have determined all of these parameters at high temperatures, we are confident in our determinations of activation energy at high temperatures. Based on equation (5), mean n = 1.7, r = 1.0, the stress-temperature data for experiments TMQ32, TMQ45, and TMQ47 give activation energies of 162 ± 4, 175 ± 11, and 211 ± 14 kJ/mol, respectively; the average of these is 183 ± 25 kJ/mol. Using the same method of calculation, activation energies for the low temperature steps (T ≤ 700°C for TMQ32 and TMQ47 and T ≤ 800°C for TMQ45) of these same experiments can be calculated. We assumed a stress exponent of n = 4.0 for dislocation creep (e.g., Gleason & Tullis, 1995) and a water fugacity exponent of r = 2.5 following Holyoke and Kronenberg (2013) . These parameter settings give 135, 158 ± 23, and 95 ± 11 kJ/mol (average of 129 ± 33) for TMQ32, TMQ45, and TMQ47, respectively (Figure 12b ). On the other hand, a fugacity exponent of r = 1.0 following Kohlstedt et al. (1995) and Rutter and Brodie (2004a) gives 145, 167 ± 24, and 105 ± 12 kJ/mol (average of 139 ± 44). Thus, the two clear slopes from the high-temperature and low-temperature data are consistent with the data obtained by strain rate stepping experiments with different n values (n ≤ 1.8 at T ≤ 800°C and n ≥ 2.9 at T ≥ 700°C; Figure 8 ). Differential stresses plotted on logarithmic scale versus the reciprocal of absolute temperature for temperature stepping experiments TMQ32, TMQ45, and TMQ47. The activation energies for creep at high and low temperatures are calculated from the slopes of these data, and values of stress exponent, correcting for the change in water fugacity at different temperatures. The stress and water fugacity exponents (n and r, respectively) determined at high temperatures were used to determine Q values at high temperatures. A stress exponent n = 4.0, consistent with dislocation creep, was assumed to determine Q for the low temperature data, and the water fugacity exponent r = 2.5 was assumed following Holyoke and Kronenberg (2013) .
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Sequential Deformation-Annealing Experiment
Annealing samples for a fixed time at isostatic conditions showed a clear relationship between annealing times and grain sizes from a mean grain size of 1.7 μm by 1-hr annealing (assuming the average powder size) to 12.0 μm by 12-hr annealing and the grain size determination (Figure 4) . Then, we deformed samples under a sequence of deformations at different strain rates, pressures, and temperatures to determine flow parameters n, r, and Q at approximately constant grain size. The dependence of flow strength on grain size can be determined by comparing results of different experiments annealed isostatically for different times prior to deformation (TMQ23, TMQ31, TMQ42, and TMQ43) to establish different starting grain sizes. However, our best determination of the grain size sensitivity of deformation comes from an experiment performed on an individual sample (TMQ40) during which we performed a sequence of deformation steps at the same pressure, temperature, and strain rate, annealing this sample isostatically for varying time periods between deformation steps, to increase its mean grain size. This experiment is also based on an assumption where dynamic recrystallization is negligible because of a small strain in each step and grain growth until the next deformation step can homogenize dislocations formed during each step. The microstructure we will show later also supports this assumption. Experiment TMQ40 involved five deformation steps at T = 900°C, P c = 1.5 GPa, and _ ε = 10 À3.7 /s, interrupting deformation by isostatic annealing periods of sequentially increasing times to allow for static grain growth. Isostatic annealing steps of 1, 5, 6, 12, and 48 hrs preceded the deformation steps, for total annealing times for grain growth of 1, 6, 12, 24, and 72 hrs. We assume that grain growth during the deformation steps was minimal, given that each deformation step at a strain rate of 10 À3.7 /s, only lasted 0.3 hrs to reach steady state (Table 1) .
Differential stresses measured for TMQ40 following different isostatic annealing periods increase as a function of total annealing time ( Figure  F13  13a) . The corrected stresses for experiment TMQ40 are 420, 560, and 700 MPa by equation (1) for the total annealing durations of 1, 12, and 72 hrs, respectively. Based on our grain growth law [equation (2)], which was obtained by isostatic annealing experiments (section 3.1), mean grain sizes corresponding to these deformation steps are 1.7, 5.4, and 12.9 μm, respectively. Assuming the flow law [equation (3)], differential stresses and grain sizes can be related by
Taking the logarithm of differential stress and plotting the logarithm of grain size calculated for the total isostatic annealing time of each deformation step, we can determine the value of the grain size exponent m from the slope of the data (Figure 13b ) and the mean value of n = 1.7. The best-fit slope obtained for experiment TMQ40 for deformation at 900°C and strain rate of 10 À3.7 /s gives a value of m = 0.43 ± 0.03. This value is consistent with the results of different experiments performed after different annealing times (first deformation steps; Table 3 ): Taking the best fit to results of experiments TMQ23, TMQ31, TMQ42, and TMQ43 for deformation at 800°C and strain rate of~10 À4.1 /s gives a value of m = 0.59 ± 0.23. The average m value from the two is 0.51 ± 0.13. While mean grain sizes of the sample deformed in stepping experiment Figure 13 . Flow strength-grain size relationship at a given temperature, confining pressure, and strain rate. (a) Stress-strain data for sequential deformation steps at T = 900°C, P c = 1.5 GPa, and _ ε = 10 -3.7 /s, performed during experiment TMQ40 following isostatic annealing periods, summing over the total annealing time available for grain growth. (b) Differential stress data as a function of mean grain size, plotting both stresses and grain sizes on logarithmic scales. Grain sizes at intermediate steps of experiment TMQ40 are calculated based on annealing times and grain growth rates constrained by independent isostatic annealing experiments. Results are also plotted for the first deformation step of strain-rate stepping experiments TMQ23, TMQ31, TMQ42, and TMQ43 (performed at T = 800°C, P c = 1.5 GPa, and _ ε = 10 -4.1 /s) with initial grain sizes established by different isostatic annealing periods prior to their deformation. (c) Optical photomicrograph of TMQ40 following its multiple-step deformation and total annealing time of 72 hrs. The compression direction is shown by arrows; crossed, polarized light. The mean grain size determined from this figure is 11.9 ± 8.2 μm, which is similar to the one determined from the grain growth calculation (12.9 μm).
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FUKUDA ET AL. 14   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 TMQ40 could not be measured directly for intermediate steps of the experiment, we can test the accuracy of the calculated grain sizes plotted in Figure 13b by measuring this sample's final grain size after the sequence of deformation steps and comparing this value with the grain size predicted from our grain growth results. The grain size measurement yields a mean size of 11.9 with the standard deviation of ±8.2 μm for TMQ40 (Figure 13c ), very similar to d = 12.9 μm calculated for the total isostatic annealing time of 72 hrs and d = 12.0 ± 5.7 μm (TMQ26) directly determined from the grain growth experiment (Table 2) . However, the standard deviation of ±8.2 μm for TMQ40 (Figure 13c ) is slightly larger than that for the isostatic annealing of ±5.7 μm. This may be due to formation and growth of recrystallized grains during deformation and annealing steps, respectively. When only dislocation creep occurs, the grain size exponent should be m = 0. For diffusion creep and grain boundary sliding, theories predict m = 3 (Coble, 1963) and m = 2 (Gifkins, 1976) , respectively, and these values have been confirmed for minerals (for olivine, McDonnell et al., 2000; Mei & Kohlstedt, 2000a ; for diopside Hier-Majumder et al., 2005 ; for feldspar Dimanov et al., 1999 , and for quartz Rutter & Brodie, 2004b) . Our value of m = 0.51 is much lower than typical values for creep processes involving grain boundaries.
Discussion
Flow Law and Deformation Mechanisms
In all of the strain rate stepping experiments at 900 and 800°C, we obtained relatively low stress exponents of n = 1.7 ± 0.2 (Figure 8 ). Using this value, other parameters obtained were r = 1.0 ± 0.2 (pressure stepping experiment; Figure 11 ), Q = 183 ± 25 kJ/mol (temperature stepping experiments; Figure 12 including 950°C for TMQ45 and 750°C for TMQ32 and TMQ47), m = 0.51 ± 0.13 (grain growth and deformation experiments; Figure 13 ). In this temperature range, dynamic recrystallization by bulging and subgrain rotation is common (Figure 9 ). Hirth and Tullis (1992) demonstrated that when only bulging recrystallization occurs, noticeable strain weakening is seen right after yielding. However, strain weakening was not observed in our series of experiments. The crystallographic orientations develop c axis maxima parallel to the shortening direction consistent with basal <a> slip ( Figure 10 ). Recent studies by Cross et al. (2017) and Kilian and Heilbronner (2017) reanalyzed the deformation experiments of Stipp et al. (2006) and Heilbronner and Tullis (2006) , respectively, using EBSD mapping measurements of recrystallized quartz grains of down to a few micrometers and host grains of up to~200 μm. Grain size analyses in Stipp et al. (2006) and quartz c axis orientation measurements in Heilbronner and Tullis (2006) were determined using polarized optical microscope techniques. Based on their new EBSD analyses, Kilian and Heilbronner (2017) proposed recrystallization by nucleation and growth in the regime 1 field where grains with c axes oriented perpendicular to the shear plane preferentially nucleate or grow. Similarly, nucleation and growth textures have been observed in fractures in uniaxial deformation for a water-added quartz single grain (Vernooij et al., 2006) . However, such gaps are unlikely to form in our uniaxial experiments where steady-stresses were observed at differential stresses well below the Goetze criterion (σ 1 < 2 × σ 3 ).
Our results showing weak grain size dependence are different from pure GSS creep models, where n = 1 and m = 3 for Coble creep, n = 1 and m = 2 for Nabarro-Herring creep, and n = 2 and m = 2 for grain boundary sliding proposed by Gifkins (1976 ) (e.g., summarized in Poirier, 1985 . These typical values have been observed by experiments for olivine (McDonnell et al., 2000; Mei & Kohlstedt, 2000a) , for diopside (HierMajumder et al., 2005) , for feldspar (Dimanov et al., 1999) , and for quartz (Rutter & Brodie, 2004b) . However, Hansen et al. (2011 Hansen et al. ( , 2012 and Tielke et al. (2016) demonstrated plastic deformation of olivine aggregates with m~0.7 and n > 3 and m~1.1, respectively, both of which developed LPOs. Platt and Behr (2011) proposed a theoretical model for dynamic recrystallization (DRX) creep, which depends on grain size, where n = 3 and m = 1. Our results of n = 1.7 and m = 0.51 do not match any of these previous results. One simple explanation is that a combination of GSI creep and GSS creep occurred, possibly with DRX creep, where the n and m values for the combination of mixed mechanisms take on values that are intermediate to the end-member flow laws of individual creep mechanisms. At temperatures less than 800°C, there are fewer recrystallized grains than at temperatures above 800°C and many grains are elongated perpendicular to the compression direction (Figures 9c and 9f) . The stress exponents from 700 to 600°C show the transitional change from 3 to 5 (Figure 8 ), and the mechanical data sometimes show work hardening (Figure 12a ). Therefore, these high stress exponents may be due to the increase in contribution of dislocation creep where the stress exponents for quartz are often n > 3 as reported in previous studies (e.g., Gleason & Tullis, 1995;  10.1029/2017JB015133
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We determined the preexponential factors in equation (3) from different types of stepping experiments, changing strain rate, temperatures, pressure (thus water fugacity), and grain size. Table  T4 4 summarized the calculated preexponential factors. See Table 3 for relationships between stress, strain rate, temperature, and water fugacity, which are used for the calculations. In each stepping experiment, averaged parameters determined from other experiments were applied. The grain size decreases with strain by dynamic recrystallization, but since the grain size exponent is low (m = 0.51), the formation of fine grains does not significantly affect our calculations. In fact, from the strain-rate stepping experiments, we used data at 800°C (TMQ31 and TMQ42), which showed good stress reversibility (Figure 8 ). 
Application to Nature
Our samples showed bulging and subgrain rotation but less grain boundary migration ( Figure 9 ). The LPOs mostly from recrystallized grains showed the dominant basal <a> slip (Figure 10 ). In natural conditions, these microstructures are generally associated with upper-middle crustal conditions, where the corresponding temperature can be 350-450°C (Passchier & Trouw, 2005; Stipp et al., 2002) . We try to generalize our flow law and compare it with previous flow laws for quartz plastic deformation (Table  T5  5 ).
We chose a temperature of 400°C as a general case. We assumed a typical temperature gradient in continental crust of 25°C/km and a water pressure gradient of 27 MPa/km assuming that pore fluids that are not highly connected are loaded nearly lithostatically. The corresponding water fugacity is 97 MPa at 400°C (at a depth of 16 km and 432 MPa of the confining pressure) determined from the molar volume and the equation of state of pure water given by Pitzer and Sterner (1994) and Sterner and Pitzer (1994) . Note that calculated water fugacity can be associated with equilibrated water content under given pressure and temperature (e.g., Karato & Jung, 2003 , Kohlstedt et al., 1996 . Therefore, when the system is not equilibrated with water, the water fugacity value may become lower. We set a standard strain rate of 10 À14 /s. Stresses and grain sizes are plotted in Figure  F14  14a . Grain size piezometers of Stipp et al. (2006) applying the stress correction of Holyoke and Kronenberg (2010) and a theory by Shimizu (2008) are also shown. Stresses and strain rates are also plotted for three grain sizes of 5, 20, and 100 μm in Figure 14b .
In the stress-grain size relationship (Figure 14a ), the lowest differential stresses predicted by flow laws for quartz dislocation creep are given by the Luan and Paterson (1992) flow law revised by Fukuda and Shimizu (2017;  shown with a "plus, +" hereafter for original and revised papers and in Figure 14 Note. Italicized data are fixed based on the averages in each stepping experiment. See Table 3 for strain rates and measured stresses.
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FUKUDA ET AL. 16   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 67 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67 Tullis (1995) and results for naturally deformed quartzites, and these flow laws are included in "other GSI creep" in Figure 14a . These flow laws, however, were obtained in the β-quartz field. Fukuda and Shimizu (2017) theoretically calculated dislocation creep flow laws controlled by volume diffusion coefficients of oxygen bearing species which were different between α-and β-quartz. Their theoretical calculations indicate that flow stress for α-quartz in most natural conditions can be~1 order of magnitude higher than that for β-quartz, while it becomes opposite in experimental conditions where temperature is usually larger than 900°C, meaning the flow stress for α-quartz is lower than that for β-quartz. This is because diffusion coefficients for α-quartz, which control dislocation creep, are lower in natural conditions, facilitating dislocation creep but higher in experimental conditions. The combination of GSI and GSS creep by Brodie (2004a, 2004b) , which are also determined in the β-quartz field, gives extremely high stress values compared to other flow laws. This would be due to their dry synthetic quartz sample. In the stress-strain rate relationship (Figure 14b ), our flow law lines for grain sizes of 5, 20, and 100 μm fairly intersect with grain size piezometers by Stipp et al. (2006) + Holyoke and Kronenberg (2010) . This may mean that GSS creep followed by dynamic recrystallization can simultaneously occur.
When grain size is sufficiently small, diffusion creep and/or grain boundary sliding can operate with n = 1 and m = 3 (Coble-type creep) or n = 2 and m = 2 (Gifkins-type creep). Since dynamically recrystallized grain size is due to a balance between rates of grain nucleation, grain boundary migration, and grain growth, the mean grain size will never enter the pure GSS creep regime, where the deformation follows the above theories which are only controlled by grain boundary diffusion (e.g., Austin & Evans, 2007 , de Bresser et al., 2001 , Platt & Behr, 2011 , Shimizu, 2008 . This means that the grain sizes corresponding to pure GSS creep should not be formed only by dynamic recrystallization. To develop pure GSS creep with fully randomized crystallographic orientations, another grain size-reduction process(es) such as fracturing and/or solution-precipitation process may be required, or initial grains may need to be sufficiently small. Therefore, the grain size formed by dynamic recrystallization will never become smaller exceeding the piezometer lines in Figure 14a .
Given that many natural shear zones reach large strains over extended geologic periods, mean grain sizes may be reset to new steady state values, allowing a combination of deformation process at grain boundaries and within grain interiors. Our flow law includes contributions of GSI, GSS, and possible DRX creep, resulting in a weak dependence on stress (n = 1.7) and a weak dependence on grain size (m = 0.51), and this relationship may apply to many highly sheared quartz shear zones. The creep parameters of our flow law [equation
Q8
(6)] could change as relative contributions of GSI and GSS processes vary with changing geologic conditions and grain sizes. However, this type of mixed-mechanism flow may be important even when undulatory extinction, weak LPOs, and dynamic recrystallization are observed.
Conclusions
Deformation experiments on wet fine-grained quartz aggregates reveal a new creep field characterized by power law creep associated with grain size dependence. The dependencies of strain rate on stress and grain size are relatively weak compared with end-member rheological models of dislocation creep and diffusion creep. The average stress exponent in the strain rate stepping experiments at the deformation temperature of 800 or 900°C is 1.7. Dynamic recrystallization and development of basal <a> slip are common. The stress , and 100 μm. In both (a) and (b), temperature was set at 400°C as an example for low-temperature deformation in nature. See Table 5 for the flow law parameters including "other GSI creep" in the figures. Quartz grain size paleopiezometers (shown by dashed lines) by St06 + H&K10 (Stipp et al., 2006 , with the stress correction in Holyoke and Kronenberg, 2010) for regime 1 [steeper in (a)] and regimes 2 and 3 [gentler in (a) and this is shown only in (b) for three grain sizes for simplicity], Sh08 (Shimizu, 2008) . Flow laws by L&P92 (Luan and Paterson, 1992) ; L&P92 + F&S17 (Luan and Paterson, 1992 , redetermined by Fukuda and Shimizu, 2017) ; R&B04a, b Brodie, 2004a, 2004b) ; H01 + H&K13 , revised by Holyoke and Kronenberg, 2013) ; and F&S17 (Fukuda and Shimizu, 2017; Theory) .
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